Aim: To examine the relationship between the RAVE (relative activity versus endocytosis) values of opiate agonists and their dependence liability by studying several potent analgesics with special profiles in the development of physical and psychological dependence. Methods: The effects of (-)-cis-(3R,4S,2′R) ohmefentanyl (F9202), (+)-cis-(3R,4S,2′S) ohmefentanyl (F9204), dihydroetorphine (DHE) and morphine on [
Introduction
Although opioids are highly effective for the relief of pain, their therapeutic utility is limited by the tendency to cause undesirable addiction following repeated or prolonged administration. The cellular and molecular mechanisms underlying opioid dependence remain unclear. Many reports demonstrate that the μ-opioid receptors (MORs) play a central role in morphine-induced analgesia, dependence and addiction [1] [2] [3] . The function of MORs is regulated by multiple mechanisms such as receptor phosphorylation, desensitization, and internalization. Of these regulatory mechanisms, receptor internalization appears to play an important role in the modulation of opioid receptor signal transduction. The internalized receptor could either recycle from the endosomes to the plasma membrane to cause resensitization or be degraded in the lysosomes to induce receptor down-regulation and long-term desensitization [4] [5] [6] . Moreover, several studies have suggested that receptor endocytosis might crucially modulate the development of opioid dependence [7] [8] [9] . Morphine is well known as a unique analgesic among opiates for its ability to activate the MOR without promoting significant receptor endocytosis [10] [11] [12] . As a consequence, the signal transduction is prolonged through the receptor, which leads to multiple cellular adaptations. These adaptive cellular Paradoxical relationship between RAVE (relative activity versus endocytosis) values of several opioid receptor agonists and their liability to cause dependence www.nature.com/aps Wang YH et al
Acta Pharmacologica Sinica npg changes may contribute to the pronounced in vivo dependence that occurs with chronic morphine treatment [12] [13] [14] . On the contrary, etorphine and endogenous peptide ligands drive a robust receptor endocytosis but display a relatively lower liability to develop dependence [14] [15] [16] . Based on these findings, Whistler and colleagues have proposed that the value of relative activity versus endocytosis (RAVE) could be used to predict the liability of opioid agonists to develop dependence [14, 17] . However, the relationship between the RAVE value and the opioid dependence has not been fully confirmed.
In the present study, we explore this relationship by establishing the RAVE values of several potent analgesics with special characteristics and correlating their role in the development of physical and psychological dependence. This was accomplished by studying the effects of F9202, F9204, DHE, and morphine on the stimulation of [
35 S]GTPγS binding, inhibition of forskolin-stimulated cAMP accumulation and induction of receptor internalization in CHO-HA-MOR cells. In addition, we also determined the cAMP overshoot in response to the withdrawal of chronic drug treatment in CHO-HA-MOR cells.
Materials and methods
Cell culture CHO cells were transfected with rat MORs using Lipofectamine (Invitrogen) according to the manufacturer's protocol. CHO cells stably expressing HA-tagged rat MORs (CHO-HA-MOR) were maintained in F12 medium (Gibco) with 10% fetal calf serum and 0.25 g/L G418 (Roche). Cells were incubated in a humidified atmosphere consisting of 5% CO 2 and 95% air at 37 °C. For receptor binding and [
35 S]GTPγS binding experiments, cells were seeded into 175-cm 2 flasks. When cell growth reached 70% confluence, cells were washed with phosphate-buffered saline (PBS) and the membrane was prepared.
Cell membrane preparation CHO-HA-MOR cells were detached by incubation with phosphate-buffered saline containing 1 mmol/L EDTA and centrifuged at 1000×g for 10 min (4 °C). The cell pellet was suspended in ice-cold homogenization buffer composed of 50 mmol/L HEPES, pH 7.4, 1 mmol/L MgCl 2 , and 1 mmol/L EGTA. Cells were homogenized by 10 strokes with a glass Dounce homogenizer. After centrifugation at 40 000×g for 10 min (4 °C), pellets were resuspended in homogenization buffer, homogenized, and centrifuged again as described. This procedure was repeated twice more. The final pellets were resuspended in a 50 mmol/L Tris-HCl buffer, pH 7.4. The protein concentration was determined and aliquots were stored at -80 °C.
GTPγS binding assay [
35 S]GTPγS binding was performed as described previously [18] . Briefly, membranes ( Reactions were terminated by rapid filtration through GF/B filters (Whatman) and bound radioactivity was determined by liquid scintillation counting (Beckman LS6500).
cAMP accumulation assay CHO-HA-MOR cells were assayed for intracellular cAMP accumulation as described previously [18] , with some modifications. In brief, the cells were either pretreated (for the cAMP overshoot assay) or not (for inhibition of cAMP accumulation) with opioid drugs for 24 h at 37 °C. After the treatment, the cells were harvested with 1 mmol/L EDTA in PBS and then resuspended in Stimulation Buffer [Hanks' Balanced Salt Solution (HBSS) containing 0.5 mmol/L IBMX, 5 mmol/L HEPES, 0.1% BSA, PH 7.4 ] to obtain 12 000 cells per 10 μL, followed by adding the Alexa Fluor ® 647-labeled antibodies to the cell suspension (1:100). Subsequently, the cells were incubated with 10 μmol/L forskolin, 10 μmol/L naloxone (for cAMP overshoot assay) and opioid drugs for 30 min at room temperature. The assay procedures followed the protocol provided in a LANCE ® cAMP Kit (PerkinElmer, Inc, Waltham, MA). Luminescence was measured with a NOVO star (BMG Labtechnologies, Germany) plate reader.
Flow cytometric analysis
For the detection of surface receptor internalization, surface receptors were quantified using a fluorescence flow cytometry assay as previously described [19] , with slight modification. In brief, CHO-HA-MOR cells were treated with F9202, F9204, morphine, or DHE for 1 h at the indicated concentrations after having been starved by serum-free F12 medium for 4 h at 37 °C. Cells were then chilled to 0 °C to arrest further trafficking and stained on ice with 3.75 μg/mL FITC-conjugated anti-HA antibody (Sigma) in PBS for 4 h. All cells were harvested from the wells with 1 mmol/L EDTA in PBS on ice and analyzed on a FACScan flow cytometer with CellQuest 3.0.1 for acquisition and analysis (Becton Dickinson, Mountain View, CA). Live cells were gated by light scatter and 10 000 cells were acquired for each sample. The mean fluorescence of stained cells minus the mean fluorescence of unstained cells was used to calculate the percentage of surface receptor staining. [20, 21] , morphine stimulated binding of [ 35 S]GTPγS to membranes of CHO-HA-MOR cells with an EC 50 value of 15.69±4.76 nmol/L which was approximately 3000-20 000 times greater than that of F9202, F9204, and DHE. Based on the EC 50 values, the rank order of these agonists' ability to activate G protein was DHE>F9204>F9202>morphine.
Materials
The effects of F9202, F9204, DHE, and morphine on forskolinstimulated cAMP accumulation in CHO-HA-MOR cells Activation of opioid receptors inhibits adenylyl cyclase activity, leading to a reduction of the intracellular cAMP accumulation [22] . To compare the activities of the four compounds, the cAMP assay was performed to determine their ability to inhibit adenylyl cyclase in CHO-HA-MOR cells. All four of the compounds inhibited a forskolin (10 μmol/L)-stimulated increase in intracellular cAMP concentrations in a dosedependent manner (Figure 2 ). In agreement with previous studies [10, 23] , morphine inhibited forskolin-stimulated intracellular cAMP with an IC 50 value in the nanomolar range (14.25±2.72 nmol/L). F9202, F9204, and DHE exhibited a more potent ability to inhibit intracellular cAMP accumulation than morphine with IC 50 values of 0.63±0.09, 0.11±0.03, and 0.08±0.01 nmol/L, respectively ( Table 1 ). The IC 50 values of F9202, F9204, and DHE were 23.21, 129.55, and 178.13 fold less than that of morphine, respectively. However, these compounds showed a similar maximal level of inhibition ( Figure  2) . At a concentration of 1 μmol/L, they inhibited cAMP production to 23.32%±0.10%, 23.09%±3.23%, 24.24%±4.13%, and 17.22%±1.57% of the control, respectively. Based on the IC 50 values, the rank order of these agonists' ability to inhibit adenylyl cyclase activity was DHE>F9204>F9202>morphine.
The effects of F9202, F9204, DHE, and morphine on MORs endocytosis in CHO-HA-MOR cells Next, a flow cytometry assay was performed to quantify the endocytosis of HA-tagged MORs in intact CHO cells using immunostaining with a FITC-labeled anti-HA antibody. F9202, F9204, and DHE were observed to stimulate the robust endocytosis of MORs ( Figure 3 , Table 1 ) with [10, 24] . The rank order of these compounds' ability to induce receptor endocytosis was DHE>F9204>F9202>morphine.
The effects of chronic F9202, F9204, DHE and morphine on cAMP overshoot in CHO-HA-MOR cells cAMP overshoot is commonly accepted as a cellular hallmark of opiate withdrawal and dependence [6, [25] [26] [27] . To compare the dependence liability of these four agonists, the cAMP overshoot in the presence of naloxone (10 μmol/L) was determined in intact CHO-HA-MOR cells. Forskolinstimulated cAMP accumulation in the absence of opioid agonist was defined as 100%, and the percentage of the intracellular cAMP level was calculated from the forskolin control value. Chronic treatment of cells with morphine (1 μmol/L) and F9202 (1 μmol/L) for 24 h greatly augmented forskolin (10 μmol/L)-stimulated intracellular cAMP formation to 308.67%±16.56% and 325.67%±27.65% of the control levels, respectively (Figure 4) . However, when the cells were pretreated with DHE (1 μmol/L) or F9204 (1 μmol/L) for 24 h, the magnitude of cAMP overshoot was significantly (P<0.001) lower than that observed after morphine or F9202 pretreatment. The intracellular cAMP levels of DHE and F9204 were 159.00%±18.08% and 192.00%±19.00% of the control levels, respectively. Based on these results, the rank order of the four drugs' potency to induce cellular dependence was F9202≥morphine>F9204≥DHE.
The relationship between the RAVE value of F9202, F9204, DHE as well as morphine and their liability to cause dependence Several lines of evidence suggest that there is a relationship between the RAVE value of an agonist and its propensity to cause tolerance and dependence [14, 17] . Data mentioned above showed that F9202, F9204, DHE, and morphine exhibited different abilities to stimulate the binding of [ 35 S]GTPγS to receptors, suppress adenylyl cyclase activity and induce MORs internalization. Additionally, there is also evidence showing that these compounds display great differences in their roles in developing physical and psychological dependence [28] [29] [30] [31] [32] [33] and in producing cAMP overshoot [34] . To further test the relation- (one-way ANOVA, Tukey post tests).
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Acta Pharmacologica Sinica npg ship between the RAVE value of an agonist and its propensity to cause dependence, the RAVE values of the four agonists were calculated based on the data obtained from the present in vitro study and previous in vivo studies [35, 36] . We then correlated the RAVE values to the physical and psychological dependence observed by our and other's previous studies and to the cAMP overshoot observed in the present study. According to the RAVE model [14] , the values of DHE required to stimulate [ 35 S]GTPγS binding, inhibit AC, attenuate antinociception and induce endocytosis were defined as 1. Thus, the RAVE of DHE was 1 ( Table 1) . As shown in Table 1 , morphine had a much greater RAVE value than that of the other three compounds. The rank order of the RAVE values was morphine>F9202>F9204>DHE. Accordingly, morphine displayed a greater liability to induce psychological dependence relative to the other three compounds [29] . However, based on the results from the present in vitro cAMP overshoot assay and our previous in vivo physical dependence comparison [28] , F9202 displayed an extraordinarily strong ability to induce physical and cAMP overshoot. Altogether, these observations indicate that agonists with lower RAVE values such as DHE, F9204, and F9202 are less likely to induce psychological dependence than those with higher RAVE values such as morphine. However, similar correlations between RAVE values and their liability to develop physical dependence and to induce cAMP overshoot have not been observed.
Discussion
Recently, Whistler and her colleagues have addressed the relationship between the ability of agonists to induce MOR endocytosis and their liability to develop opioid dependence [14] . They showed that opioid agonists with a strong ability to promote endocytosis may have a reduced propensity to promote opioid dependence [12, 14] . Based on their findings, they suggest that the value of RAVE (relative activity versus endocytosis) of an opioid agonist might predict its liability to develop dependence. For example, they have shown that methadone, which is thought to have less dependence potential than morphine, has a lower RAVE than morphine [14] . They also demonstrated that facilitation of MOR endocytosis/resensitization is an effective strategy to reduce opioid withdrawal in cultured cells [24] as well as in animal models [37, 38] . In contrast, the in vitro findings of Koch et al implied that opioids with high endocytotic efficacy tend to induce an enhanced opioid dependence [39] . Therefore, the relationship between RAVE value and opioid dependence liability is still controversial. Herein, we chose four representative opioids to further explore this relationship because our and other's previous studies showed that F9202, F9204, DHE, and morphine all have a potent analgesic efficacy but exhibit quite different dependence pro files [28-33, 35, 36, 40] . F9202 and F9204 are two of the eight stereoisomers of ohmefentanyl. These two isomers have similarly potent analgesic activity and a high selectivity for MOR but display significant differences in dependence potential [28, 35] . F9202 has a much stronger potential to induce physical dependence than F9204. Accordingly, DHE has been reported to possess an extraordinarily potent antinociceptive action (1000-12 000 times more effective than morphine) and a highly selective MOR affinity, but has also been shown to be less likely to induce physical and psychological dependence than morphine [30-33, 36, 40, 41] . The results of the present study demonstrated that DHE had the lowest RAVE value, while morphine had the highest RAVE value. Likewise, F9204 and F9202 had lower RAVE values relative to morphine but displayed less psychological dependence than morphine [29] . These findings are consistent with the RAVE hypothesis that agonists with lower RAVE values are less likely to induce psychological dependence. It has also been shown consistently that agonists with stronger endocytotic potency produce less sensitization to locomotor stimulation, which is thought to be a correlate of certain aspects of drug addiction (psychological dependence) [42] . However, although our observations are consistent with the RAVE theory of psychological dependence, similar correlations of RAVE values to their liability to develop physical dependence or induce cAMP overshoot have not been found in the present study. For example, the RAVE value of F9202 is far less than that of morphine, whereas the physical dependence potency is much stronger than [28] and the cellular dependence potency is the same as that of morphine (Figure 4 ). This discrepancy between psychological and physical/cellular dependence potency may be due to the different mechanisms of cellular signaling pathways, which contribute to the development of psychological and physical/cellular dependence.
In conclusion, our observations suggest that the RAVE value of agonists may be predictive of the liability to develop psychological dependence but not of the liability to develop physical dependence or cAMP overshoot. Taken together, future studies are still needed to address the RAVE hypothesis by investigating a large number of opioids [43, 44] (which differ in RAVE values and dependence) in a more complex neuronal system.
